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Introduction
Over the past decade, the interest for using carbon nanotubes (CNTs) functionalized with different types of biomolecules has increased [1] [2] [3] . The nanometer size and unique physical properties of CNTs make them attractive for anticancer drug delivery [4] [5] [6] [7] [8] , molecular transport [9] [10] [11] , and new therapeutic mechanisms [12, 13] . CNTs have been activated to target various cancer cells using folic acid (FA). FA is an attractive ligand that is useful for targeting cell membranes and enhancing CNTs endocytosis by the folate receptor [14, 15] . FA receptors can be direct targets for drug delivery [16] , which explains the diversity of strategies used for folate conjugation.
Conventionally, CNTs-FA has been characterized by UV-Vis (ultraviolet-visible spectroscopy), NIR spectroscopy (near-infrared) [17] , AFM (atomic force microscopy) and TEM (transmission electronic microscopy) [9] but not with 2D NMR (twodimensional nuclear magnetic resonance) experiments. The 2D NMR techniques have become popular since they efficiently map out 3D interactions within, or sometimes between, molecules [18] . The diffusion ordered spectroscopy (DOSY) technique is a non-invasive powerful technology that has been used for the analysis of a large variety of mixtures [19] , as well as for the characterization of aggregates of varying sizes and hence different diffusion coefficients (DC) [20] .
The DOSY technique has been referred to as "NMR chromatography" for its ability to "separate" the components of a complex mixture. In a recent application, Marega et al [21] used 1 H-2D DOSY spectroscopy to monitor the functionalization and purification of a carbon nanotube-polyethylene glycol (CNT-PEG) conjugate. There have been numerous publications on the characterization of various bioconjugates using 2D NMR techniques [22, 23] . However, studies related to the characterization of CNT-FA conjugates using 2D NMR spectroscopy have yet to be published. 
Experimental

Materials
SWCNTs with diameters ranging from 2 to 5 nm and lengths between 500 and 2000 nm were purchased from Unydim, California. Chitosan with a molecular weight of 5000
Da, folic acid (FA) and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) were obtained from Sigma-Aldrich Corp. These and all other chemicals used in this work were of analytical grade.
Synthesis
Solubilization of single-walled carbon nanotubes
5 mg of SWCNTs were sonicated for 1 h in 5 mL of a 30% aqueous solution of chitosan. The solution was centrifuged at 2800 rpm for 20 min; the supernatant was collected and carefully separated from the solid. After aggregation, a large bundle of nanotubes was found to be present. The supernatant was washed with water several times to remove excess chitosan. Finally, the SWCNT solution was stored at 4°C. The 
Synthesis of the single-walled carbon nanotube-chitosan-folic acid conjugate
The conjugation of FA on SWCNT-chitosan was achieved using a similar methodology to that of Kang [17] . First, FA (2. For all spectra, the Bruker Presat program (ZGPR pulse sequence at water frequency, 4 scans and spectral widths of 10 ppm) was used for the suppression of water peaks.
The Topspin 2.1 software was used for processing all spectra.
Results and Discussion
The conjugate was prepared by a reaction of FA with SWCNT-chitosan in the presence of EDC (Figure 3 ). The EDC is the most popular carbodiimide for conjugating biological substances containing carboxylates and amines [23] and it was used as a crosslinking agent to mediate the formation of an amide between the carboxyl group of the folic acid and the amine group of the chitosan. H) corresponds to the pteridine moiety proton from the folate (Fig. 4d ). Hz, 2 H), 7.93 (s, 1 H) (Fig. 4b) . The shift could be due to the protective effect of the  electrons from SWCNT which produced an induced current and a magnetic field in the opposite direction to the applied field, thus generating a protection and moving the signals of FA to high fields. In addition, we observed a decrease in the signal intensity of aromatic protons of conjugate FA compared with the intensity of the free FA after the dialysis process thus confirming the removal of free FA. This proved that the couple of the folate residue to the SWCNT-chitosan could be achieved using the EDC-mediated reaction [27, 28] .
The resolution of the NMR signals was enhanced in all spectra using a ZGPR sequence pulse. This sequence was used in order to suppress water peaks.
The Stejskal-Tanner equation (1) The attenuation of the signals of the chemical shifts from free FA and that conjugated to SWCNT-chitosan was used to generate diffusion coefficients.
With the experimental parameters optimized, full signal attenuation was achieved after 32 steps of linearly increasing the gradient strength from 2% to 95%. The presence of the isourea as a secondary product of the reaction was confirmed by the DC with a value of 5.9 x 10 -10 m 2 /s (Figure 5b ) and the faster diffusion as opposed to free and conjugated folic acid. figure S4 ) thus showing the rapid diffusion of free EDC compared with FA conjugated to EDC. Following the NMR and DOSY experiments black rings around the walls of NMR tube were observed. We believe that this sedimentation could be due to the catalyst iron particles which remain after the synthesis of SWCNTs, the iron particles provide magnetic properties to the bioconjugate SWCNT-chitosan-FA [32] . The magnetic field from NMR spectrometer could align the SWCNTs depositing thus on the walls of NMR tube. This phenomenon has been studied and used to induce the alignment of SWCNTs aqueous solution under the influence of magnetic field [32] . After sedimentation is possible to re-dissolve the bioconjugate from NMR tube by mean of sonication and thus obtain and useful NMR spectra, however to have a full explanation further experiments are necessary to clarify this situation.
According to the present study, a two-dimensional diffusion-ordered NMR spectroscopy with presaturation of the solvent (ZGPR) could be successfully employed to monitor the conjugation of folic acid to SWCNTs-chitosan. The obtained diffusion coefficient values revealed that free folic acid diffused more rapidly than its counterpart conjugated to SWCNT, thus proving the efficiency of the synthesis method when it comes to attaching the folic acid molecules around the SWCNT. This is an important requirement when developing conjugates aimed for drug-delivery systems or alternative treatments in nanomedicine.
2D-DOSY analysis is thus as a new tool for monitoring and characterizing the functionalization of different types of nanomaterials with biomolecules. 
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